The introduction of functionalized magnetizable particles for the purification of enzymes or for the multi-use of pre-immobilized biocatalysts offers a great potential for time and cost savings in biotechnological process design. The selective separation of the magnetizable particles is performed for example by a high-gradient magnetic separator. In this study FEM and CFD simulations of the magnetic field and the fluid flow field within a filter chamber of a magnetic separator were carried out, to find an optimal separator design. The motion of virtual magnetizable particles was calculated with a one-way coupled Lagrangian approach in order to test many geometric and parametric variations in reduced time. It was found that a flow homogenisator smoothed the fluid flow, so that the linear velocity became nearly equal over the cross section in the direction of flow. Furthermore the retention of magnetizable particles increases with a high total edge length within the filter matrix.
Introduction
The use of functionalized magnetizable particles in combination with a high-gradient magnetic separator is an efficient way to perform a solid/solid/liquid separation in one step. Functionalized magnetizable particles with a diameter in the nano-or micron-range for various applications are described in some publications [1] - [6] . Hereby the single-step purification of enzymes or the multiple uses of pre-immobilized biocatalysts on magnetizable particles showed a great potential as alternatives to conventional processes.
Within the total number of publications regarding the usage of magnetizable particles and magnetic separation in bioengineering, only a little fraction is focused on the design of the separator itself. The reason for this could be that the separation in bench-scale was very simple and practicable with a permanent magnet. Normally, when the separation takes place in milliliters, either the magnet or the suspension container is removed manually for resuspension of the magnetic particle deposits. But when magnetic separation is conducted for several liters, a magnetic filter is required. The fluid is pumped through a filter chamber in which a matrix insert of highly magnetizable stainless steel is placed [7] - [10] . Hereby the magnetic field is applied by permanent magnets or electromagnets. The permanent magnets have the advantages that they have no power consumption and show no thermal load up. The disadvantage is the always active magnetic field which cannot be easily switched off as with an electromagnet. To overcome this disadvantage, a magnetic separator with a switchable magnetic field within the air gap of the yoke is published by Hoffmann et al. [11] . The separator was used in several studies for the separation of biomolecules from fermentations and biocatalytic processes [11] - [17] .
Until now the magnetic yoke of the separator was not varied and analyzed for optimization. The air gap of the magnetic yoke can be varied with different steel pole plates, which decrease the distance of the pole surfaces to each other. Herewith the separator could be modified for the process requirements. In this study the distance and the surface area of the pole plates were varied to determine the effect of different geometries on the magnetic flux density in the middle of the air gap.
The magnetizable matrix inserts in the filter chamber were mainly made of stainless steel wool. Hereby the rinsing of the filter chamber was not efficient and the optimization of the filter matrix was the focus of some studies [16] [18]- [22] . But within these studies the inlet and the resulting fluid flow profile at the start of the separator were not varied and described. It was found that the separation of magnetizable particles took place in the front part of the filter chamber. This is a crucial factor affecting the overall performance of magnetic separation [23] [24] .
Therefore, in this study the optimization of a high-gradient magnetic separator was performed using Finite Element Method (FEM) and Computational Fluid Dynamic (CFD) simulations. On this basis, trajectories of virtual magnetizable particles were calculated to quantify the effects of the geometric variations. The use of a flow homogenisator was tested to quantify the distribution of the linear fluid velocity and the particle distribution on a cross-section near the filter matrix in the filter chamber. The retention of magnetizable particles on filter matrices with different geometries was tested to find the optimal cutouts in the filter plates.
Previous studies on the behavior of magnetizable particles in a magnetic field and a fluid flow field were based on different approaches. A simple and easy to compute approach is the Lagrangian one-way coupled simulation. Hereby the magnetic field and the fluid flow field are calculated at first and the Newtonian particle motion is calculated on the basis of the two previous fields. The particles do influence neither the fluid flow field nor the magnetic field [25] . With the two-way coupling approach the magnetic field or the fluid flow field is influenced by the location of the particle load. Previous studies of Khashan et al. [26] [27] include a non-pertubated magnetic field but a fluid flow field interacting with the particle concentration in the suspension. Here it was shown that for very small magnetizable particles, the magnetophoresis migration is dominant over molecular diffusion. When particle-particle interaction is included, the separation rate becomes better due to particle clustering [28] [29] . The study of Lindner et al. [30] showed that the introduction of a Discrete Element Method enables the analysis of the shape of magnetic particle deposits on single wires. In general, the design of a magnetic filter was described by Ravnik et al. [31] to be of a short length in the flow direction, since the number of collected particles decreases with the distance to the inlet. It is suggested to operate multiple parallel separation units. In a study of magnetic particle separation with a micro-channel and a laminar flow of water, it was found by Khashan et al. [32] that the one-way coupling marginally under-predicts the capture efficiency compared to the two-way coupling. The Lagrangian one-way coupled approach was used in this research, due to a lower calculation time for the simulation of particle motion within complex geometries in a highly inhomogeneous magnetic field and with an inhomogeneous fluid flow field.
Material and Methods
The geometries constructed in this study were made with the Computer Aided Design (CAD) software NX TM 8 from Siemens AG in a 1:1 scale. In Figure 1 (a) an exploded drawing of the magnetic filter is shown (patent pending with reference number DE102012023382.5). The fluid enters the filter through the inlet, is moving through a flow homogenisator and the following filter matrix and leaves the filter through the outlet. The magnetic circuit of the separator is closed by the tapered surfaces on the XZ-plane of the filter chamber. The filter matrix is placed in the middle of the filter chamber and fixed with a needle construction.
Between the filter plates of the filter matrix a highly inhomogeneous magnetic field with magnetic flux density gradients at the corners of the matrix filaments is generated. The filter is constructed for a placement of quartz sight glasses. Herewith optical checks can be performed during filtrations. In Figure 1 (b) the inlet area with length information in Z-direction is shown. The inlet has a length of 20 mm and within this distance the cross-section of the interior gradually becomes rectangular (with X by Y equal to 26 mm by 18 mm) from circular (with a diameter of 8 mm). After 30 mm of the flow homogenisator (see below) the filter chamber begins. The filter matrix bottom edge starts after 24 mm within the filter channel.
The CAD models were imported in a step 214 format into the simulation software Comsol Multiphysics ® 4.3a. Within the simulation software the fluid flow with particles and the magnetic field were calculated. The magnetic field and the fluid flow were calculated stationary. The particle motion was calculated time dependent. Hereby water was used as the fluid with standard properties at room temperature. The magnetic flux densities were measured at the magnetic pole surfaces and then used for an input of the magnetic field simulation. In the following the equations are shown which are used by the software Comsol Multiphysics ® 4.3a. For further reading a look at the user's guide of Comsol Multiphysics ® 4.2a is advised. The Interface "Magnetic Fields, No Currents" in the software Comsol uses the equations 1 to 4 for modeling of magnetostatics in the absence of electric currents, with µ 0 = vacuum permeability, µ R = relative permeability, V m = magnetic potential, H = magnetic field, B = magnetic flux density and n = surface normal.
Furthermore at the boundaries with an inward magnetic flux density B n the Equation (3) was set.
On the rest of the boundaries magnetic shielding was set with the Equation (4).
For the fluid field simulation the Navier-Stokes equations were used. The continuity equation (see Equation (5)) describes the conservation of mass for the incompressible fluid. Equation (6) represents the momentum conservation of the laminar simulation. Hereby ρ = density, u = linear velocity, p = pressure, ν = dynamic viscosity, F = Force, U 0 = average linear inlet velocity, I = unit vector and T is used as an indicator for matrix transposition. For the turbulent simulation of the fluid flow, the equations of the k-ε-model described in Shaikh et al. [33] were used. 
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At the boundaries the velocity was zero for the laminar simulation. The inlet boundary condition is represented by Equation (7).
The time dependent motion of the virtual particles is described by Equations (8) to (10), whereby m P = mass of the particle, v = linear particle velocity, F D = drag force, F M = magnetic force and M = specific saturation magnetization.
It was assumed that the calculated amount of particles at the filter outlet, which is only accurate for low particle concentrations, provides information on the performance of the magnetic filter. When more and more particles attach to these primary deposits during the filtration, a filter clogging arises and CFD/Discrete Element Method modeling is required to describe the process. This approach was previously studied by Lindner et al. [30] . Hereby the amount of simulated particles is a parameter, which limits the correlation to the measured results. The time and power which is required to calculate such results becomes very high. This is a reason why this kind of simulation is limited to simple geometries and small amounts of particles and consequently not used here.
The experiments for the evaluation of the simulation results were carried out with a high-gradient magnetic separation laboratory plant which consists of a magnetic separator, a pump and a flow meter. The devices are controlled by a process control system realized with National Instruments ® LabView ™ 8. The peristaltic pump of the type Ismatec ® MCP from the company IDEX Health & Science GmbH is equipped with a pumphead type Easy-Load 2 from the company Masterflex ® SE, whereby the pump tubing is C-Flex with an inner diameter of 4.8 mm. The tubing of the pilot plant is realized with polyurethane tubes with an inner diameter of 6 mm and quick connectors made of polyoxymethylene from the company Riegler & Co. KG. The high-gradient magnetic separator type HGF10 from the company Steinert Elektromagnetbau GmbH is equipped with N42 permanent magnets, which can be rotated by an electrical motor. Hereby the magnetic field within the magnetic yoke can be switched on and off [11] [19] . The measurement of the magnetic field within the air gap of the magnetic yoke was carried out with a Gaussmeter type BGM101 from the company Brockhaus Messtechnik GmbH & Co. KG. The filter housing is made of stainless steel (AISI 316Ti) and consists of an in-and an outlet and the filter chamber. The plates of the filter matrix are made of stainless steel plates (AISI 430) with a thickness of 0.75 mm by micro waterjet cutting and electro polishing.
The polyvinyl alcohol based magnetizable particles (M-PVA magnetic beads) used in this study, were produced by PerkinElmer chemagen Technologie GmbH with a polydispersed diameter distribution ranging from <1 µm to 10 µm. The particles consisted of equal proportions of magnetite and polyvinyl alcohol and had a dry density of 2 kg•dm −3 . The particle concentration in the filtrate was measured at the outlet of the magnetic filter with an UV/VIS spectrometer Ultrospec 2100 pro from the company GE Healthcare equipped with a flow through cell. The measurement is explained in detail in Shaikh et al. [33] .
For the manufacturing of flow homogenisator prototypes, 3D-printing was used with the printer types Objet Eden260VS (material VeroClear-RGD810 for flow homogenisator 1 -4) and Mojo (material ABSplus for flow homogenisator 5) from the company Stratasys © Ltd.
Results

Analysis and Modification of the Magnetic Separator
For the optimization of the magnetic field between the magnetic pole surfaces, the flux density was measured and simulated. By connecting north-and south-pole plates (stainless steel AISI 430) tightly to the yoke, the air gap volume was decreased and the magnetic flux density could be increased (see Figure 2) . The filter plates of the filter matrix used in this study had an area of X by Z equal to 26 mm by 80 mm. But the area of the original pole surfaces is 80 mm by 100 mm (see Figure 2(b) ). Herewith the surface of the poles was nearly 4-times greater than the matrix. In order to obtain identical surface dimensions, the north-and south-pole plates were modified (see Figure 2(c) ).
In Figure 3 the measured and simulated magnetic flux densities on a Z-and a X-cutline running through the center of the air gap of the magnetic yoke are shown for the three variations. It can be seen that simulated and measured results are in good correspondence. Furthermore the magnetic flux density could be increased by modifying the magnetic pole plates.
The force acting on a magnetic particle is dependent inter alia on the gradient of the magnetic flux density. It can be seen that the curves in Figure 3 have a great gradient at both endings for the yoke variants B and C. This means that at the edges of the magnetic pole plates the force is at its strongest. The magnetic force acting in an 80 mm by 27 mm by 18 mm volume around the filter matrix of 8 stacked filter plates, which had a thickness of 0.75 mm and square cutouts, was used for a comparison of yoke B and yoke C. Therefore the integrated magnetic force [nN•mm 3 ] within the volume was calculated for a 3 µm magnetic particle with a wet density of 1200 kg . This value was divided by the value of the volume around the matrix. Hereby the average magnetic force in the filter volume was calculated as a scalar value. When the matrix was placed in the yoke B this force was 0.12265 nN and for yoke C it was 0.12881 nN respectively. With the modified pole plate the average magnetic force could be increased by 5%.
In a simulation with a varied magnetic pole plate thickness of type B, it was found that the magnetic flux density in the center of the air gap rose exponentially with a decreasing distance. The distance of the pole surfaces was varied from s = 5 mm to 40 mm. Equation (11) 
For the magnetic pole plates of type C with a distance of 26 mm, the tapering was varied in another simulation with a final surface ranging from 10 mm by 10 mm to 70 mm by 90 mm. The calculation revealed that for this case no significant changes of the magnetic flux density occur in the center of the air gap. In summary the distance of the pole surfaces to each other has the greatest impact on the maximum of the magnetic flux density in the air gap. But the magnetic flux density gradients at the edges of the surfaces represent the areas with the magnetic force maxima. In this context the reduction of the pole surface area increase the magnetic force within the filter chamber.
Analysis and Optimization of the Inlet Fluid Flow
The inlet of the magnetic filter was constructed in one piece with a flange connection to the filter chamber (see Figure 1) . The fluid flows into the filter chamber through the inlet with a circular cross section and a diameter of 8 mm. Then the cross section becomes gradually rectangular with X by Y equal to 26 mm by 18 mm side lengths. The parallel surfaces in 18 mm distance represent the pole surfaces within the filter chamber. The outlet was identical to the inlet. The transition area from circular to rectangular could be produced with a maximum length of 20 mm in Z-direction, due to the milling cutter diameter of 8 mm. Herewith the linear fluid velocity is highly inhomogeneous at the start of the filter matrix. The fluid has a high linear velocity in the center of the cross section. At the boundary areas the velocity is low. This means that the particles have a higher velocity in the areas where the magnetic force is the lowest and vice versa in the front part of the filter matrix. So the deposits of the magnetic particles build up inhomogeneously.
In order to obtain information on how the velocity maximum changes with a varying milling depth, a set of fluid flow simulations were carried out. The length of the transition part was varied from 10 mm over 20 mm to 30 mm, while the volume flow was set to 100 mL•min , 48 mm•s −1 and 43 mm•s −1 respectively. When the volume flow was adjusted to 400 mL•min -1 the maximum flow velocities and slopes were nearly 4-fold greater. The fluid flow profile has a parabolic shape at the center of the cross section. So a solution for the inlet problem could be an increased inlet length. But due to the limitations in manufacturing and otherwise rising costs, this was not further pursued. Additionally, an enlarged inlet would increase the mean residence time of the particles, which was also not favored. In order to homogenize the velocity profile of the fluid flow the installation of a flow homogenisator was re-garded as a better solution due to the compact geometry and simple manufacturability. The flow homogenisator length in Z-direction was adjusted to 24 mm. Within this piece of rectangular channel, crossbars with a length of 26 mm in X-direction were placed, so that the fluid was divided into the direction to the magnetic pole surfaces (see Figure 1) .
In a first laminar simulation the amount of crossbars was varied in Y-and Z-direction. In Y-direction the amount of crossbars was adjusted up to 5 (with a thickness of 1.5 mm) and in Z-direction up to 6. In X-direction the length of the crossbars was 26 mm, which was identical to the filter chamber length in X-direction. The height of each crossbar in Z-direction was calculated by the ratio between the sum of crossbar heights and the length of the flow homogenisator (24 mm 
The first prototype of the geometry was manufactured via 3D-printing with 5 horizontal and 6 vertical crossbars with a ratio of 0.5 (see Figure 4) .
In Magnetic filtrations with threefold repetition were carried out with the manufactured flow homogenisator to check its effect. A dense magnetic particle suspension with a concentration of 5 g•L −1 was filtrated with a volume flow of 100 mL•min −1 by an exemplary matrix of eight stacked filter plates. In Figure 6 the at-line measured mean particle concentration in the filtrate is plotted on the ordinate and the time dependent cumulative particle inlet mass on the abscissa. Furthermore the standard deviation for each data point is plotted as a gray colored error bar. The filtration with the flow homogenisator shows the desired more evenly development. In the range from 3.5 g to 4 g cumulative particle inlet mass the filtration without the flow homogenisator is clearly worse than with a flow homogenisator. In both cases a filter breakthrough could be measured, but in case of a flow homogenisator the breakthrough appeared after 4.3 g of particle input rather than 3.5 g. It was assumed the filter clogging was built up more evenly by using a flow homogenisator. Herewith the amount of re-released particle fractions from the filter clogging was lower than in case without a flow homogenisator. So the experiments confirm the simulated results.
In a further simulation study supplemental flow homogenisator geometries were simulated in terms of the particle retention. The variation was focused on the crossbar constellation. The crossbars were aligned in two patterns: 1) behind and 2) shifted to each other (see Figure 7) . The second type of constellation has the advantage that the fluid could not flow linearly through the flow homogenisator. The flow homogenisator type 5 was introduced to analyze the flow velocity without crossbars.
The turbulent volume flow of water was adjusted to 400 mL•min -1
. Within this simulation 10,000 virtual magnetizable particles were used with a uniformly distributed diameter from 0.2 µm to 10.2 µm. The magnetization was adjusted to 40 A•m 2 •kg −1 and the release of the particle was located at the inlet of the filter. After a simulation time frame of 60 s the amount of particles at the outlet was counted and used for the ratio calculation between the amounts of particles flowing in and out.
An experimental setup, which was very similar to the simulation conditions, was used to measure the filtrate particle mass in real filtrations. Therefore 1 mL of a particle suspension with a concentration of 20 g•L −1 was injected with a syringe into the tubing at the inlet of the magnetic filter, while the feed pump was out of action. The particles used for the experiments had a median diameter of 5.4 µm but a significantly lower amount of small size particles (with a diameter smaller than 2 µm) in comparison to the particle size distribution in the simulation. After injection the pump was started with a volume flow of 400 mL•min −1 . To ensure a complete particle run-through with an expected mean residence time of 20 s, the pumping was applied for 240 s. At the outlet of the filter chamber the concentration of particles was measured according to Shaikh et al. [33] and used for the ratio calculation similar to the simulation. Figure 8 shows the particle retention results of the experiments (Figure 8(a) ) and the results of the simulations (Figure 8(b) ) as bar charts.
It can be seen that the amount of particles in the filtrate is significantly higher in the simulation than in real filtrations. During high-gradient magnetic separation the impact of the drag force on smaller particles is greater than the impact of the magnetic force. This means that smaller particles could pass the magnetic filter easier. Consequently the median particle diameter of the particles in the experiment, which passed the magnetic filter, was below 3.56 µm in all cases (in comparison to 5.4 µm in the feed). Therefore the difference between calculations and experiments can be explained with the different particle size distributions. But the simulations as well as the experiments pointed out that the flow homogenisator types 3 and 4 had the best performance in particle retention.
Interestingly, the highest amount of particles at the outlet of the filter was measured in the experiment with the flow homogenisator type 5 (see Figure 8(a) ). In contrast to the 3D-printing of the flow homogenisator types 1 to 4 (resolution 85 µm) the 3D-printing of type 5 was done in a lower printing resolution of 254 µm with a higher surface roughness but an increased hardness. The increased hardness was required because of the lack of stabilizing crossbars. The higher surface roughness causes an increased turbulence in the filter chamber which leads to a reduced separation. Due to the fact that this is not properly included in the simulation the discrepancy between simulation and measurement arose regarding the effect of flow homogenisator type 5.
Influence of the Geometry of the Filter Plates
After finding an optimum geometry of the flow homogenisator crossbars, the research was continued with an analysis of the particle retention on filter matrices with cutouts. By cutting out pattern in the filter plates, the magnetic flux density field becomes strongly inhomogeneous and at the corners of the cutouts the magnetic force maxima build up.
The time dependent simulation of particle retention on a filter matrix, consisting of 8 stacked filter plates with a thickness of 0.75 mm, a X by Z dimension of 26 mm by 80 mm and a relative permeability of 1000 was performed with a laminar volume flow of 200 mL•min −1 . The amount of virtual magnetizable particles was adjusted to 1000 particles with a wet density of 1200 kg•m −3
. The particle diameter was uniformly distributed between 0.2 µm and 10.2 µm. After a simulation time frame of 45 s the amount of particles at the outlet was counted. Furthermore the motion of non-magnetizable particles, which could retain on the matrix due to hindrance, was also simulated and used for the ratio calculation.
The plates of the filter matrix inserted into the center of the filter chamber had different plate patterns. The design of the cutouts was matched to result in a constant plate volume of 870 mm 3 . For reference a plate without cutouts and a plate volume of 1440 mm 3 was used. In Figure 9 (a) the geometries of the filter plates are shown. Figure 9 (b) shows a plot with the calculated amount of particles at the outlet of the filter on the ordinate and the simulation time on the abscissa. It can be seen that the particle amount at the outlet is the highest in case of filter plates with no cutouts. The circular and square cutouts were also not suitable for the magnetic filtration. By comparison the length-and widthwise cutouts had the lowest particle amount at the outlet in the simulation and seemed to be generally suitable. But in practice a problem occurs by using the lengthwise filter plates when the magnetic field is switched on. The long filaments bend due to magnetic forces and form a deformed matrix. Therefore widthwise cutouts were regarded as optimum.
The total edge length of all corners of a filter plate could be identified as the major parameter, which affects the particle retention. The total edge lengths of the filter plates (widthwise: 2582 mm, circular: 1924 mm, square: 2084 mm, lengthwise: 2589 mm, without: 416 mm) are in good accordance to the simulated retention performances of the filter plates.
The analysis of the median particle diameter at the outlet of the magnetic filter showed that the magnetizable particles had different d 50 values (widthwise: 0.89 µm, circular: 6.21 µm, square: 5.96 µm, lengthwise: 0.69 µm, without: 5.56 µm). In all simulations the non-magnetizable particles at the outlet of the magnetic filter had the same median particle diameter of 5.4 µm. In case of the simulation of width-and lengthwise cutouts only very small magnetizable particles flow through the magnetic filter in comparison to the median particle diameter of the ingoing particles (d 50 = 5.2 µm). This shows again the good retention performance of those two geometries.
For an experimental testing of the filter matrix geometry, filtrations with filter matrices of 8 stacked filter plates, each with either widthwise or square cutouts, were carried out. The suspension had a particle concentration of 5 g•L −1 and the volume flow was adjusted to 100 mL•min −1 . In Figure 10 the measured mean particle concentration (including gray colored error bars) in the filtrate is plotted along with the time dependent cumulative particle inlet mass. After a total inlet of 2 g magnetizable particles the particle concentration in the filtrate begins to rise significantly in case of square cutouts. At this point the retention within the filter begins to decrease. The use of widthwise cutouts results in a constant retention up to 3 g of magnetizable particles, which represents a retention improvement of 50%.
Summary and Conclusion
Computational methods to study the effects of geometric variations of magnetic filters have a great potential to reduce time and costs. The one-way coupled Langrangian approach represents a simple way to calculate the particle motion within the magnetic field and the fluid flow field. The geometry of the filter matrix should have as much as possible total edge length to maximize the particle retention.
It could be shown that the inlet profile of the fluid flow had an impact on the retention of magnetizable particles in the filter matrix as well. The linear fluid velocity should be homogenous at the start of the filter matrix, otherwise the particle deposits are built up irregularly on the filter plates. In this case, the concentration of particles in the filtrate rises faster while the magnetic filtration takes place. This means that the retention within the filter decreases with an increasing velocity distribution at the inlet cross section. When a flow homogenisator is installed prior to the filter matrix, the particle retention can be improved and stays constant over a longer filtration time.
